Mucoid Pseudomonas aeruginosa is isolated from most patients with cystic fibrosis, in whom it causes a chronic, incurable lung infection. Bronchopulmonary disease is the cause of death in 95% of patients with cystic fibrosis,'2 and mucoid P aeruginosa was cultured from 94% of Danish patients with cystic fibrosis at death.3 Typically the airways are colonised initially with non-mucoid strains of P aeruginosa" and after a variable period of colonisation, usually one to two years, mucoid strains emerge that produce large amounts of the extracellular polysaccharide alginate. Compared with non-mucoid strains, infection with mucoid P aeruginosa is associated with a poorer clinical state,6 lower pulmonary function,78 and greater risk of death.7
Methods Forced vital capacity (FVC), nutritional state and the antibody response to P aeruginosa were determined at regular intervals from three years before chronic P aeruginosa infection to 10 years afterwards in 73 patients with cystic fibrosis. All patients were treated intensively with antipseudomonal chemotherapy during the study period.
Results FVC was reduced in all patients who subsequently developed P aeruginosa infection before they acquired the infection, indicating significant pre-existing lung damage when compared with patients who remained free of P aeruginosa. Lung function and nutritional state remained unchanged after 10 years of infection, except in the patients who died of P aeruginosa lung infection. The FVC and height and weight of patients infected with nonmucoid strains of P aeruginosa were similar to those of uninfected patients. Patients infected with mucoid strains had poorer lung function and nutritional state for the first five years after infection compared with patients with nonmucoid strains. Such infection was also associated with greater IgG and IgA antibody responses to P aeruginosa standard antigen compared with nonmucoid infection. Concentrations of antibody to alginate were similar in patients with non-mucoid and mucoid infection. Noticeably increased concentrations of IgA antibodies to P aeruginosa standard antigen were observed early after the onset of infection in patients who subsequently died. Conclusion Alginate producing P aeruginosa infection is associated with a hyperimmune response and poor clinical condition, suggesting that alginate production is a virulence factor in such infections in patients with cystic fibrosis.
Mucoid Pseudomonas aeruginosa is isolated from most patients with cystic fibrosis, in whom it causes a chronic, incurable lung infection. Bronchopulmonary disease is the cause of death in 95% of patients with cystic fibrosis,'2 and mucoid P aeruginosa was cultured from 94% of Danish patients with cystic fibrosis at death.3 Typically the airways are colonised initially with non-mucoid strains of P aeruginosa" and after a variable period of colonisation, usually one to two years, mucoid strains emerge that produce large amounts of the extracellular polysaccharide alginate. Compared with non-mucoid strains, infection with mucoid P aeruginosa is associated with a poorer clinical state,6 lower pulmonary function,78 and greater risk of death. 7 Infection with mucoid strains was also associated with an increased humoral immune response to P aeruginosa.`0 An increased antibody response is associated with poorer pulmonary function7"' and the lung damage in cystic fibrosis is mediated by immune complexes. '213 This suggests that alginate is a virulence factor in chronic P aeruginosa pulmonary infection in cystic fibrosis. '4 Our objective was to test the hypothesis that alginate producing, mucoid P aeruginosa is more virulent than non-mucoid strains. We studied 73 patients with cystic fibrosis classified according to their sputum bacteriology longitudinally and determined their antibody responses to P aeruginosa alginate and somatic antigens, lung function, and nutritional state for three years before and for up to 10 years after the onset of chronic P aeruginosa lung infection.
Patients and methods
The diagnosis of cystic fibrosis was based on repeatedly raised electrolyte concentrations in sweat and characteristic clinical features. The criteria for entry into the study were that the onset of chronic P aeruginosa infection was after 1975, that the patient had been followed up monthly at the Danish Cystic Fibrosis Centre at Rigshospitalet before the onset of infection, and that sputum bacteriology had been recorded for at least eight months of each year. Data were recorded prospectively and included forced vital capacity (FVC), height, weight, and sputum bacteriology. Since 1976 all patients with chronic P aeruginosa infection have been admitted to the centre every three months for intravenous courses of antipseudonomas chemotherapy. '5 BACTERIOLOGY The onset ofchronic P aeruginosa infection was defined as the time when P aeruginosa had been grown in consecutive monthly sputum cultures over six months. Sputum was obtained by expectoration or by endolaryngeal aspiration in patients unable to expectorate. The samples were cultured on standard laboratory media and P aeruginosa identified by standard tests. '6 The mucoid phenotype was identified visually by the appearance of colonies having a typical morphology with an abundance of watery and viscous slime. Strains not showing these characteristics were termed non-mucoid. Patients having both mucoid and non-mucoid colonies in the same sample (a common finding) were classified as harbouring mucoid strains.
Strains were defined as virulent when they were associated with a raised antibody response and poor lung function.
CLASSIFICATION OF PATIENTS
The bacteriological records of all patients with chronic P aeruginosa infection attending the centre at the beginning of 1988 were examined and patients to be included in the study were identified by the above criteria. Some patients did not satisfy these criteria because their onset of infection was before 1976, they had been transferred to the centre after the onset of P aeruginosa infection, or they had not attended regularly. Patients were categorised according to their bacteriological results.
(1) Patients with classic bacteriology had non-mucoid strains initially and intermittently for about six months followed by a period of one to two years of continuous isolation of nonmucoid strains. The mucoid strains started to appear at this point and were cultured continuously thereafter. The median age at onset of infection was 10 years (range 1-16 years) for the 23 patients in this group and the median duration of infection at the time of the study was 10 years (range 6-13 years). Twenty one patients were available for analysis at the final observation (see below).
(2) Patients with non-mucoid bacteriology were chronically infected with non-mucoid P aeruginosa with no mucoid strains isolated from any sputum sample (n = 14). The median age at onset of infection was 9 years (range 1-13 years) and the median duration of infection 10 years (range 5-12 years). Nine patients were assessed at the last observation.
(3) Patients with mucoid bacteriology had mucoid colonies at the first isolation of P aeruginosa and remained chronically infected with mucoid strains (n = 9). Their median age at onset of infection was 12 years (range 0-31 years) and the median duration of infection nine years (range 4-13 years). Six patients were assessed at the final observation.
(4) Non-colonised patients with cystic fibrosis from whom P aeruginosa had never been isolated were used as a control group (n = 15). They were matched for age with the infected patients, and at the end of the study their median age was 19 years (range 12-32 years). At the last observation 13 patients were assessed.
(5) Patients with-fatal P aeruginosa infection were included (n = 12). The onset of infection was after 1976 and the median age at onset was 12 5 years (range 0-22 years). The duration of infection from onset to death was 7-2 years (2 1-11-5 years). All Although the assays were optimised to yield an optical density less than 3 (the upper limit of the automatic reader) the optical density of some samples exceeded this and these were further diluted 1:40 000 and the assays repeated. The results were multiplied by a dilution factor (6-8 for IgG against standard antigen, 4 0 for IgA against standard antigen and 4 0 for IgG against alginate) determined by the linear regression slope for 10 samples analysed in six doubling dilutions. Measurement of IgA antibodies against alginate never exceeded the range so further dilutions were unnecessary.
The performance characteristics of the assays have been described previously.2' The within plate variation ranged from 9% to 19%, the plate to plate variation from 11% to 16%, and the day to day variation from 13% to 19%.
ANALYSIS
For description of distributions and comparison between groups non-parametric analyses were used. For unpaired data the MannWhitney U test was used and for paired data the Wilcoxon signed rank statistic. The level of significance was 5% for a two tailed comparison.
Results
There was no difference in the median age at onset of P aeruginosa infection among the four categories of infected patients, or between the infected patients and those from whom colonies were not isolated.
PATIENTS WITHOUT COLONISATION
Patients with no growth of P aeruginosa had either no or a very low antibody response to P aeruginosa antigens throughout the observation period (figure 1, A-D) when compared with the infected patients (p < 0-0001). The FVC was about 90% of predicted values and did not change during the observation period of 13 years (figure 1, E). Height and weight ranged from 92% to 100% and from 98% to 101% of the median for healthy Danish children (data not shown). The weight for height median value fluctuated around 100% of predicted values (figure 1, F).
COMPARISON OF PATIENTS WITH MUCOID AND NON-MUCOID INFECTION
Before infection antibody concentrations for P aeruginosa did not differ between patients who subsequently developed mucoid infection and those who developed non-mucoid infection (figure 1, A-D). Before sputum culture became positive these patients had significantly higher IgA antibody concentrations for P aeruginosa than did those without colonisation. This difference was seen for IgA antibodies to alginate for a period of one year (figure 1, A) and for standard antigen for three years before infection ( figure 1, B) . Infection with non-mucoid P aeruginosa was associated with an antibody response to alginate that did not differ from that ofinfection with mucoid strains (figure 1, A and C). Patients with mucoid infection had a greater IgA response to standard antigen from 1 to 7 years after infection and a greater IgG antibody response from 0 to 5 years than did the patients with non-mucoid infection (figure 1, B and D). Similar differences occurred with precipitating antibodies (data not shown).
Before infection patients who subsequently acquired infection with mucoid strains had a significantly lower FVC than patients with nonmucoid infection (figure lE). Both groups had significantly poorer FVC than the non-colonised controls ( figure 1E ). Patients infected with a mucoid organism showed a gradual decline in FVC during the preinfection period, reaching a nadir of 50% ofpredicted values a year after the onset of infection. The FVC then improved slowly and five years after the onset of infection had reached preinfection values, where it remained for the rest of the observation period. There was no difference in FVC in this group at the beginning and end of the observation period. The FVC in patients infected with nonmucoid strains had started to improve before the infection became established. Over the 10 years of infection with non-mucoid strains there was no difference in FVC in this group compared with non-colonised patients ( figure   1E ) whereas the FVC in patients with mucoid infection was significantly worse than that of patients with non-mucoid infection during the five years after the onset of infection ( figure 1,  E) .
The height and weight of patients with nonmucoid infection was similar to predicted values (data not shown) and the corresponding weight for height was around 100% of predicted ( figure I F) . The nutritional state ofpatients with non-mucoid infection did not differ from that of non-colonised patients whereas mucoid infection was associated with a significantly lower weight (approximately 85% of predicted values) for the first five years of infection when compared with patients with non-mucoid infection. The height of patients with mucoid infection (range 95-98%) did not differ from that of the other groups of patients (data not shown); the weight for height was significantly lower for the first five years of mucoid infection (figure IF).
COMPARISON OF PATIENTS WITH CLASSIC BACTERIOLOGY AND MUCOID INFECTION
The course of the antibody response and clinical measurements in 23 patients with the classic pattern ofbacteriology are shown in figure 2 (A-F). The IgA antibody response to alginate did not differ significantly, except that it was lower from two years before the onset of infection to three years after ( figure 2, A) . The IgA antibodies to standard antigen were lower in this group of patients than in those with mucoid infection throughout the whole observation period, though this was only significant during the early stages of infection (0-3 years) ( figure 2, B) . The IgG antibodies to standard antigen or alginate were significantly lower only during the first year after the onset of infection and overlapped in the later stages of chronic infection (figure 2, C and D). Precipitating antibodies followed the same trend (data not shown), being significantly lower in patients with classic bacteriology for the first 18 months of infection.
The opposite pattern was observed when the antibody responses in patients with classic bacteriology were compared with those in patients with non-mucoid infection. In the early stages of infection (0-3 years) no difference was noted, after which the response was significantly greater in patients with classic bacteriology. No differences in clinical measures were observed.
Before and at the onset of chronic P aeruginosa infection the patients with classic bac- teriology had a median FVC of about 70% of predicted values (figure 2, E), which was significantly less than that of patients without colonisation but similar to that in patients with mucoid or non-mucoid infection. In the patients with classic bacteriology lung function was unchanged over the 10 years of infection. For one year before and up to three years after acquisition of P aeruginosa lung function was significantly better than in those with mucoid infection (figure 2, E). The lung function in patients with mucoid infection then improved and for the rest of the observation period no difference was found. The weight for height did not differ between patients with mucoid and classic infection (figure 2, F).
LONGITUDINAL STUDY OF PATIENTS WHO DIED FROM P AERUGINOSA INFECTION
Patients who died from P aeruginosa infection had a similar IgA and IgG antibody response to P aeruginosa to that of those infected with mucoid strains (figure 2, A-D). When compared with patients with classic bacteriology the patients who died had significantly greater IgA antibody responses to standard antigen and alginate during the whole period of observation ( figure 2, A and B) . The IgG antibody responses were not different (figure 2, C and D) although precipitating antibodies were significantlygreaterforthefirstfiveyears of infection (data not shown).
Before infection the patients who died had similar FVC values to patients with mucoid, non-mucoid, and classic bacteriology but significantly lower values than patients without colonisation. After one year of infection patients with classic or non-mucoid bacteriology had a significantly higher FVC; after four years after the onset of infection the mucoid group had a higher FVC than those who died ( figure 2, E) .
From the start of infection those who subsequently died had a significantly lower body weight than patients with classic bacteriology. No difference in height was observed (data not shown). They did not differ from patients with mucoid infection until the infection had persisted for five years, after which the weight for height was significantly lower (figure 2, F). to S aureus and H influenzae between any of the groups. In particular, those who died had a similar antibody response to that of the survivors. The responses remained constant throughout the period of infection and ranged from two to four precipitins (data not shown).
Discussion
The presence of alginate producing mucoid P aeruginosa is characteristically associated with chronic pulmonary infection in patients with cystic fibrosis. In some cystic fibrosis centres 80% or more of the patients harbour mucoid strains.3 Acquisition of mucoid strains usually leads to a deteriorating clinical state that coincides with systemic humoral hyperimmunisation.'422 Evidence has accumulated suggesting that P aeruginosa antibodies contribute to the pathogenicity of progressive lung damage in cystic fibrosis. Tissue damage is thought to be due to inflammation mediated by immune complexes, which cause release of proteases from polymorphonuclear leucocytes.'213 Any bacterial product that induces a noticeable antibody response must therefore be regarded as a virulence factor in cystic fibrosis lung disease. The aim of our study was to test the hypothesis that alginate is a virulence factor in P aeruginosa infection in patients with cystic fibrosis. In most patients the initial infecting strain is non-mucoid, but only a small proportion of strains remain so. In this study it was possible to select a group ofpatients with stable mucoid or non-mucoid infection throughout 10 years of observation, which allowed the virulence properties of alginate to be assessed. We found that infection with alginate producing mucoid P aeruginosa was associated with a poorer clinical condition, although this does not constitute proof of a causal relation. Evidence in support of alginate being a virulence factor is as follows. The antibody response was greater and the FVC and nutritional state were poorer in patients with mucoid infection compared with patients infected with non-mucoid strains, while nonmucoid strains were associated with a pattern of disease that was similar to that in patients not infected with P aeruginosa. Non-mucoid strains could therefore be considered harmless in cystic fibrosis.6 All the patients who died were infected with mucoid strains. The only known bacterial product mucoid strains produce in excess compared with non-mucoid strains is alginate. Mucoid strains must be considered to be deficient organisms because they are serum sensitive and polyagglutinable owing to loss of the lipopolysaccharide side chain and because they produce less toxins than non-mucoid strains.2324 It may be argued that alginate is not a virulence factor because the patients infected with these organisms-that is, those with mucoid and classic bacteriology-were able to maintain lung function and nutritional state virtually unchanged during a long period of infection. The patients in this study, however, do not represent the natural course of infection because they were treated intensively with antibiotics. Furthermore, these patients had survived the infection for about 10 years and constitute a selected group. In addition, they were unable to improve their FVC above preinfection values in contrast to those with non-mucoid infection. A contribution by other bacterial products to the observed differences cannot be ruled out, but we believe that alginate is the most important bacterial factor to determine the course of P aeruginosa lung infection in cystic fibrosis.
Patients who later acquired either mucoid or non-mucoid infection had a greater IgA antibody response than non-colonised patients before infection was apparent. This indicates that P aeruginosa was present, possibly intermittently, and was immunogenic in the lungs up to two years before it was isolated by sputum culture. The absence of P aeruginosa on culture may not necessarily therefore represent absence of P aeruginosa in the lungs; it may be present intermittently or in quantities that are too small to be detected (lower limit 5 The propensity for P aeruginosa to infect patients with cystic fibrosis is not understood, but despite uniform treatment principles patients who developed chronic P aeruginosa infection had poorer lung function before the onset of infection than those who did not become infected for the next 10-15 years (figures 1E and 2E). This confirms data indicating that pulmonary disease tends to be more advanced in those who later acquire P aeruginosa,33 but contradicts the findings of Kerem et al, who found no difference in lung function one year before colonisation, although 64% of their patients acquired P aeruginosa infection before 7 years of age, when cooperation with pulmonary function testing is less reliable.' Our data suggest that significant lung damage had occurred before the onset of P aeruginosa infection, which is in keeping with the observation that P aeruginosa is not usually the first pathogen in the lung in cystic fibrosis. The patients with mucoid infection had a higher antibody response to S aureus in the years preceding the onset of P aeruginosa infection, possibly indicating a predilection of mucoid strains for severely damaged airways. The implication ofthis finding is that more vigorous treatment ofbacterial pathogens-for example, S aureus and H influenzae-and perhaps also viral episodes, which may precede P aeruginosa infection,4' may be helpful.
In patients given intensive treatment a large proportion will maintain similar lung function to that before infection, indicating that infection in these patients does not necessarily lead to a progressive decline in lung function as described previously42 and supporting earlier reports from our own'5 and other centres." Obviously there is a subset of patients whose condition deteriorates and in whom the infection is fatal; further studies are needed to identify the factors responsible for this unfavourable clinical course.
The influence ofmalabsorption on lung function and the influence of respiratory infection on nutritional state are matters for debate. In our study weight and height were similar in patients with classic bacteriology or nonmucoid infection and in non-colonised patients. There was no difference in treatment other than antipseudomonal chemotherapy between the groups, nutritional advice and pancreatic enzyme supplementation being the same. These findings support the view that failure to thrive in cystic fibrosis relates more closely to chronic pulmonary infection than to pancreatic insufficiency, which can be corrected by enzyme substitution. 4 
